INTRODUCTION
============

Overexpression of the c-MYC proto-oncogene is linked to a wide variety of human cancers, including colon, breast, prostate, cervical and lung carcinomas, osteosarcomas, lymphomas and leukemias ([@gkr612-B1; @gkr612-B2; @gkr612-B3; @gkr612-B4; @gkr612-B5; @gkr612-B6; @gkr612-B7; @gkr612-B8; @gkr612-B9]). In addition, elevated levels of c-MYC expression are often associated with poor therapeutic prognosis. c-MYC overexpression can be caused by different mechanisms, including gene amplification ([@gkr612-B10],[@gkr612-B11]), translocation ([@gkr612-B12; @gkr612-B13; @gkr612-B14]) and simple upregulation of transcription ([@gkr612-B1],[@gkr612-B15]). The transcriptional regulation of c-MYC expression involves multiple promoters, with P1 and P2 being the predominant ones ([@gkr612-B16]). A highly conserved NHE III~1~ located 142--115 bp upstream from the P1 promoter has been shown to be required for 80--95% of c-MYC transcription, regardless of whether the P1 or P2 promoter is used ([@gkr612-B17],[@gkr612-B18]). This NHE III~1~ element can form transcriptionally active and silenced forms in the promoter ([@gkr612-B19]); the formation of DNA G-quadruplex structures is critical for c-MYC transcriptional silencing ([@gkr612-B20; @gkr612-B21; @gkr612-B22]), and compounds that stabilize the G-quadruplex can repress c-MYC gene expression ([@gkr612-B20],[@gkr612-B23]). DNA G-quadruplexes are a family of secondary DNA structures that consist of stacked G-tetrads connected by Hoogsteen hydrogen bonds and stabilized by monovalent cations such as potassium and sodium. Intramolecular G-quadruplexes have been found in a number of G-rich regions with biological significance, such as human telomeres, oncogene promoters and 5′-UTR regions ([@gkr612-B24; @gkr612-B25; @gkr612-B26]).

A special requirement for promoter sequences to form G-quadruplexes is that the DNA secondary structures must be generated in a region of duplex DNA. It has been recently shown that the transcriptionally induced negative superhelicity results in the dynamic equilibrium between duplex, single-stranded DNA and secondary DNA structures of the c-MYC NHE III~1~ that likely controls c-MYC transcription ([@gkr612-B27]). A recent report from the Levens lab at NCI ([@gkr612-B28],[@gkr612-B29]) demonstrated *in vivo* that transcriptionally induced supercoiling in the c-MYC promoter is not immediately relieved by topoisomerase I and II and directs the melting of the FarUpStream Element (FUSE) 1.7 kb upstream of the P1 promoter, which binds the positive and negative regulating FBP and FIR proteins to control the rate of promoter firing through a feedback loop. The NHE III~1~ element, which is the G-quadruplex forming region in the c-MYC promoter, is much closer to the source of induced negative superhelicity and thus is likely to be subjected to greater torsional stress than the FUSE. Transcriptional factors that bind to either the duplex (e.g. Sp1) or single-stranded (e.g. CNBP, hnRNP K) NHE III~1~ elements cause transactivation, while the secondary DNA structures formed from the same element under negative superhelicity can silence transcription ([@gkr612-B27]). NM23-H2 and nucleolin have been identified as proteins that facilitate the unwinding and folding of the G-quadruplex, respectively ([@gkr612-B30],[@gkr612-B31]).

The G-rich strand of the c-MYC NHE III~1~ is a 27-nt segment composed of five consecutive runs of guanines (Pu27, [Figure 1](#gkr612-F1){ref-type="fig"}A). DMS footprinting showed that the major G-quadruplex formed in the Pu27 oligonucleotide in K^+^ solution is a quadruplex involving the II, III, IV, V runs of guanines, i.e. G7-G9, G11-G14, G16-G18, G20-G23, but not the first run of guanines, G2-G5 (Myc2345, [Figure 1](#gkr612-F1){ref-type="fig"}A). Mutational analysis in conjunction with a luciferase reporter system has also shown that the major G-quadruplex structure responsible for c-MYC transcriptional silencing in K^+^ solution appears to involve the four consecutive 3′ runs of guanines ([@gkr612-B20],[@gkr612-B32]). This structure adopts a parallel-stranded folding ([@gkr612-B32],[@gkr612-B33]) and we have determined the molecular structure of the major isomer with the 1:2:1 loop size arrangement in K^+^ solution using Pu22_T14/T23 (1:2:1 loop isomer, with the numbers describing the lengths of the three double chain-reversal loops) ([Figure 1](#gkr612-F1){ref-type="fig"}A) ([@gkr612-B34]). Interestingly, a recent footprinting study using a supercoiled plasmid system in aqueous solution with the c-MYC NHE III~1~ showed a G-quadruplex formed under superhelicity appears to involve the I, II, III, IV runs of guanines, i.e. G2--G5, G7--G9, G11--G14 and G16--G18 (Myc1234, [Figure 1](#gkr612-F1){ref-type="fig"}A) ([@gkr612-B35]). Figure 1.(**A**) The promoter sequences of the NHE III~1~ element of the c-MYC gene and its modifications, and their melting temperatures in 20 mM K^+^. The mutations are colored in red. Pu27 is the wild-type 27-mer G-rich sequence of the c-MYC NHE III~1~. Myc1234 is the region containing the four consecutive 5′ runs of guanines of c-MYC NHE III~1~. Within Myc1234, Pu21 and Pu19 are the 21-mer and 19-mer wild-type G-rich sequences of the c-MYC NHE III~1~. Pu19_A2A11 is the modified sequence of Pu19, with G--A mutations at positions 2 and 11, which adopts a single parallel-stranded G-quadruplex structure with a 1:2:1 loop size arrangement in K^+^ solution whose structure has been determined by NMR in this study. Myc2345 is the region containing the four consecutive 3′ runs of guanines of c-MYC NHE III~1~. Within Myc2345, Pu21 is a 21-mer wild-type G-rich sequence of the c-MYC NHE III~1~. Pu22_T14/T23 was the modified Myc2345 sequence used to determine the molecular structure of the major isomer with the 1:2:1 loop size arrangement in K^+^ solution ([@gkr612-B34]). (**B**) 1D ^1^H-NMR profiles of Pu19 and its derived sequences. Pu19 (a) forms the same major G-quadruplexes as Pu19_A2 (b). Pu19_A2 adopts a mixture of two G-quadruplexes, which can be isolated by Pu19_A2A11 (1:2:1 loop size arrangement) (c) and P19_A2A14 (1:1:2 loop size arrangement) (d).

In this report, we studied the structures and stabilities of G-quadruplexes formed in Myc1234, the region containing the four consecutive 5′ runs of guanines of c-MYC NHE III~1~. We found that two parallel-stranded major loop isomers, one with 1:2:1 and another with 1:1:2 loop size arrangements, formed in Myc1234 in K^+^ solution with comparable stability. However, while they both contain the same total loop length, the two major loop isomers formed in Myc1234 appear to be markedly less stable than the major 1:2:1 loop isomer G-quadruplex formed in Myc2345 of NHE III~1~ in K^+^ solution. We determined the molecular structure of the 1:2:1 loop isomer formed in Myc1234 in K^+^ solution. We also performed a systematic mutational analysis in combination with thermodynamic studies to understand the effect of loop constitution and position on the overall stability of parallel-stranded G-quadruplexes. Parallel-stranded structural motifs with short loops are found to be prevalent in promoter sequences, and it has become evident that G-quadruplexes formed in gene promoters are often a mixture of multiple structures or loop isomers ([@gkr612-B36]). While parallel-stranded G-quadruplexes appear to favor short loop lengths in K^+^ solution ([@gkr612-B34],[@gkr612-B37; @gkr612-B38; @gkr612-B39; @gkr612-B40]), systematic information on the effect of loop sequences will be important to understand the equilibrium of promoter G-quadruplex loop isomers, which is critical for the development of small molecular compounds targeting promoter G-quadruplexes for gene regulation.

MATERIALS AND METHODS
=====================

Oligonucleotides
----------------

The DNA oligonucleotides were synthesized and purified as described previously ([@gkr612-B34],[@gkr612-B41],[@gkr612-B42]). Samples in D~2~O were prepared by repeated lyophilization and final dissolution in 99.96% D~2~O. Samples in water were prepared in 10%/90% D~2~O/H~2~O solution. The final Nuclear Magnetic Resonance (NMR) samples contained 0.1--2.5 mM DNA in 25 mM K-phosphate buffer (pH 7.0) and 70 mM KCl or in the low-salt solution, 10 mM K-phosphate buffer.

Circular dichroism spectroscopic study
--------------------------------------

Circular dichroism (CD) spectroscopic study of the oligonucleotides was performed on a Jasco J-810 spectropolarimeter (Jasco Inc., Easton, MD, USA) equipped with a thermoelectrically controlled cell holder as described previously. The quartz cell of 1 mm optical path length was used. A blank sample containing only buffer was used for the baseline correction. CD spectroscopic measurements were the averages of three scans collected between 200 and 350 nm. The scanning speed of the CD instrument was 100 nm/min, and the response time was 1 s. For measuring the *T*~m~ value of an oligonucleotide, CD melting and annealing experiments were performed at 265 nm for three repeats, with a heating or cooling rate of 2°C/min, respectively.

NMR spectroscopic study
-----------------------

NMR experiments were performed on a Bruker DRX-600 MHz spectrometer as described previously ([@gkr612-B34],[@gkr612-B41],[@gkr612-B42]). Six percent of 1,2,7-^15^N, 2-^13^C-labeled guanine phosphoramidite was used for site-specific labeled DNA synthesis. One-dimensional ^15^N-filtered gradient HMQC experiments with site-specific labeling were performed to identify guanine imino and H8 protons. Homonuclear 2D NMR experiments, including NOESY, TOCSY and DQF-COSY, were collected at 5°C, 15°C and 25°C for Pu19_A2A11 sample in water and D~2~O solution at pH 7, 95 mM K^+^. Jump-return and watergate experiments were used to suppress the water signal in the spectra. The relaxation delays were set to 2--2.5 s in 2D experiments. The software Sparky (UCSF) was used in peak assignments and integrations. Non-exchangeable protons were estimated based on the Nuclear Overhauser Effect (NOE) cross-peak volumes at 50--300 ms mixing times, with the upper and lower boundaries assigned to ±20% of the estimated distances. The thymine base proton Me-H6 distance (2.99 Å) was used as a reference. For unresolved cross-peaks, the distance restraints were used with higher boundaries (±30%).

The structure of Pu19_A2A11 was calculated using X-PLOR ([@gkr612-B43]). Metric matrix distance geometry (MMDG) and simulated annealing calculations were carried out in X-PLOR to embed and optimize 100 initial structures for the Pu19_A2A11 sequence, as described previously ([@gkr612-B41],[@gkr612-B42]). The experimentally obtained distance restraints and G-tetrad hydrogen-bonding distance restraints were included during the calculation. A total of 343 distance restraints, of which 238 are from intra-residue NOEs, and 105 are from inter-residue NOEs, were incorporated into the NOE-restrained structure calculation. Hydrogen bond restraints were applied to the G-tetrads, using a quadratic energy function with a force constant of 100 kcal/mol/Å^2^. A low-level planarity restraint (5 kcal/mol/Å^2^) was applied on the G-tetrad in the simulated annealing step of the structure calculation. The planarity restraints were removed in the final molecular dynamics simulation with energy minimization. Dihedral angle restraints were used for the glycosidic torsion angle (χ) based on the experimentally determined 'anti' conformations. The 30 best molecules were selected based both on their minimal energy terms and number of NOE violations, and were further subjected to NOE-restrained molecular dynamics calculations at 300 K for 25 ps. The average structure from the trajectory saved during the last 2.0 ps of NOE-restrained molecular dynamics calculations was obtained and subjected to further energy minimization. The 10 best molecules were selected based both on their minimal energy terms and number of NOE violations.

RESULTS
=======

The 1:1:2 and 1:2:1 loop isomers are the two major loop isomers formed in Myc1234
---------------------------------------------------------------------------------

The wild-type Pu19 of Myc1234 is composed of the four consecutive 5′-runs of guanines of mycPu27 of NHE III~1~, with four (G2--G5), three (G7--G9), four (G11--G14) and three (G16--G18) guanines, respectively ([Figure 1](#gkr612-F1){ref-type="fig"}A). Utilizing a combination of mutational analysis and NMR, we found that G2 is not involved in the major G-quadruplex formation of Myc1234. As shown in [Figure 1](#gkr612-F1){ref-type="fig"}Ba and b, the same major G-quadruplexes were found to form in Pu19 and Pu19_A2, in which G2 was mutated to adenine, as evident by the imino protons of tetrad guanines of the two sequences. Therefore, the two major loop isomers formed in Pu19 are the 1:2:1 and 1:1:2 loop isomers in which G2/G11 or G2/G14 are not involved in tetrad formation, respectively. The two loop isomers can be isolated by the Pu19_A2A11 or Pu19_A2A14 sequences, respectively, in which G2/G11 or G2/G14 are mutated to adenines ([Figure 1](#gkr612-F1){ref-type="fig"}A). Adenine was substituted for guanine because both are purines. Pu19_A2A11 and Pu19_A2A14 each appeared to form a well-defined G-quadruplex as shown by NMR ([Figure 1](#gkr612-F1){ref-type="fig"}Bc and d). The CD spectra of Pu19_A2A11 and Pu19_A2A14 showed a positive maximum ∼265 nm and a negative minimum at 240 nm ([Figure 2](#gkr612-F2){ref-type="fig"}A) and indicated the formation of a parallel-stranded G-quadruplex structure ([@gkr612-B44]). Interestingly, Pu19_A2 was shown by NMR to be a mixture of the two G-quadruplex loop isomers, with the 1:1:2 loop isomer accounting for ∼55% and the 1:2:1 loop isomer accounting ∼45% of the total population, indicating that the 1:1:2 loop isomer is slightly more stable than the 1:2:1 loop isomer ([Figure 1](#gkr612-F1){ref-type="fig"}B). This is consistent with the melting temperatures of Pu19_A2A11 (63.4°C) and Pu19_A2A14 (65.3°C) in 20 mM K^+^, respectively ([Figure 1](#gkr612-F1){ref-type="fig"}A). The melting temperatures were determined using CD melting study at 265 nm. However, these melting temperatures are markedly lower than that of the major 1:2:1 loop isomer G-quadruplex formed in Myc2345, Pu22_T14T23 ([Figure 1](#gkr612-F1){ref-type="fig"}A) ([@gkr612-B34]), which has a melting temperature of 75.5°C in 20 mM K^+^, ∼12°C higher than the 1:2:1 G-quadruplex formed by Pu19_A2A11. To understand the molecular level differences between the two 1:2:1 parallel structures formed in Myc1234 and Myc2345, we carried out complete NMR structure determination of the G-quadruplex formed by Pu19_A2A11. Figure 2.(**A**) A CD spectrum of Pu19_A2A11 in pH 7.0 H~2~O containing 95 mM K^+^ at 25°C with a DNA concentration of 10 μM. (**B**) The arrangement of guanine bases in a G-tetrad stabilized by a Hoogsteen hydrogen-bonded network. The H8-H1 and H1--H1 connectivities observable in NOESY spectra are shown. (**C**) The folding topology adopted by Pu19_A2A11 in K^+^ solution.

Pu19_A2A11 forms a parallel-stranded G-quadruplex with 1:2:1 loop size arrangement in K^+^
------------------------------------------------------------------------------------------

The CD melting temperature of Pu19_A2A11 is concentration-independent ([Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gkr612/DC1)), suggesting the monomeric nature of the structure. ^1^H-NMR of Pu19_A2A11 in 95 mM K^+^ solution showed a sharp and well-resolved imino region ([Figure 1](#gkr612-F1){ref-type="fig"}Bc), which appears to be excellent for NMR structure determination. The presence of 12 imino protons between 10.5 and 12 ppm from the tetrad guanines indicates a G-quadruplex with three G-tetrads. Guanine imino protons are assigned to their positions in the sequence by site-specific 6% ^15^N-labeled oligonucleotides. Using 1D ^15^N-filtered HMQC experiments, imino H1 and aromatic H8 protons for each site-specific-labeled guanine can be detected and assigned ([Figure 3](#gkr612-F3){ref-type="fig"}A and B). Thymines in the sequence can be identified by strong H6-Me cross-peaks in DQF-COSY/TOCSY, and their positions were determined by the sequential assignment. The complete assignment of the protons of Pu19_A2A11 was achieved by sequential assignment ([Figure 4](#gkr612-F4){ref-type="fig"}) using 2D DQF-COSY, TOCSY and NOESY at different temperatures in both H~2~O and D~2~O. The chemical shifts of all proton resonances are listed in [Table 1](#gkr612-T1){ref-type="table"}. Figure 3.The assignment of (**A**) imino H1 and (**B**) aromatic H8 protons of Pu19-A2A11 as detected with ^1^D-HMQC NMR experiments using site-specifically labeled oligonucleotides in aqueous solution containing 25 mM potassium phosphate, 70 mM potassium chloride, pH 7.0 at 25°C. The corresponding imino and aromatic protons are assigned in the reference spectrum at the top. Figure 4.Expanded regions of H1--H1 (15°C) (**A**) and H1--H8 (25°C) (**B**) of the exchangeable 2D-NOESY spectra of Pu19_A2A11 with assignments. Expanded regions of H8/H8 (15°C) (**C**) and H8/H6-H1′ (25°C) (**D**) of the non-exchangeable 2D NOESY spectra of Pu19_A2A11 with assignments. The sequential assignment pathway is shown in (D), with the missing connections marked with asterisks. Intra-tetrad NOEs are in red, sequential NOEs in green, inter-tetrad NOEs in blue. NOEs of the flanking sequences are in magenta. Conditions: 25 mM potassium phosphate, 70 mM potassium chloride, pH 7.0. Table 1.Proton chemical shifts for Pu19_A2A11 at 25°C[^a^](#gkr612-TF1){ref-type="table-fn"}H6/H8H2/MeH1′H2′/H2′′H3′H4′H5′/H5′′H1/MeT17.101.525.751.65/2.074.113.843.41A27.917.785.782.35/2.374.404.043.83/4.02G38.0311.76.042.76/2.994.954.254.02G47.6711.36.122.55/2.864.944.494.26G57.6811.156.052.88/2.594.944.414.25A67.778.286.322.584.934.403.64G77.9811.686.122.45/2.895.114.434.23/4.32G87.0911.546.092.36/2.625.004.033.60/3.82G97.7611.296.112.79/2.624.984.414.12/4.19T107.551.846.152.12/2.374.623.793.64A118.458.236.602.84/3.015.154.654.25G128.0911.996.122.60/2.924.974.394.08/4.19G137.7711.276.172.61/2.894.964.484.34G147.7310.976.382.60/2.505.044.334.24A157.698.436.372.49/2.615.044.584.24G167.9311.236.012.34/2.775.034.424.22/4.31G177.9011.365.972.655.014.464.20G187.6111.176.152.52/2.714.824.454.17T197.071.425.852.014.364.163.89/3.99[^1]

The folding topology of the Pu19_A2A11 G-quadruplex can be determined by the NOE connectivities of imino and aromatic H8 protons. In a G-tetrad plane with a Hoogsteen-type H-bond network, the imino proton NH1 of a guanine is in close spatial vicinity to the NH1s of the two adjacent guanines, and to the base H8 of one of the adjacent guanines ([Figure 2](#gkr612-F2){ref-type="fig"}B). For example, the NOEs of G12H1/G7H1, G12H1/G16H1, G3H1/G16H1 ([Figure 4](#gkr612-F4){ref-type="fig"}A), and G3H1/G7H8, G7H1/G12H8, G12H1/G16H8 and G16H1/G3H8 ([Figure 4](#gkr612-F4){ref-type="fig"}B) defined the tetrad plane of G3--G7--G12--G16. The other two tetrad planes, G4--G8--G13--G17 and G5--G9--G14--G18, were determined in a similar way. Based on the determination of three G-tetrad planes, Pu19_A2A11 forms a parallel-stranded intramolecular G-quadruplex of a 1:2:1 loop size arrangement with three double chain-reversal loops of A6, T10A11 and A15, respectively ([Figure 2](#gkr612-F2){ref-type="fig"}C). All the tetrad guanines appeared to adopt *anti* conformation based on the intensity of intra-residue H8-H1′ cross-peaks ([Figure 4](#gkr612-F4){ref-type="fig"}D). Along each G-strand, sequential H1--H1 connectivities of adjacent guanines were clearly observed, such as G3H1/G4H1 and G4H1/G5H1 ([Figure 4](#gkr612-F4){ref-type="fig"}A), as well as G3H8/G4H8 ([Figure 4](#gkr612-F4){ref-type="fig"}C). The sequential NOE connectivities along each G-strand are also clearly observed for G~n~-H8 and G~n-1~-H1′/H2′/H2″/H3′, typical for right-handed DNA backbone conformation ([Figure 4](#gkr612-F4){ref-type="fig"}D). Inter-tetrad NOE connectivities of non-sequential guanines, such as G3H8/G17H1 and G4H8/G18H1, G16H8/G13H1 and G17H8/G14H1, G12H8/G8H1 and G13H8/G9H1 and G7H8/G4H1 and G8H8/G5H1, were clearly observed ([Figure 4](#gkr612-F4){ref-type="fig"}B), supporting both the parallel-stranded conformation and the right-handed twist of the G-quadruplex. As observed previously ([@gkr612-B34]), the H2′/H2′′ protons of the tetrad guanines preceding the double chain-reversal loops were downfield shifted as they were more solvent exposed, with H2′ protons more downfield shifted than H2′′ protons ([Table 1](#gkr612-T1){ref-type="table"}).

Molecular structure of Pu19_A2A11 derived by NOE-restrained structure calculation
---------------------------------------------------------------------------------

Many inter-residue NOEs are observed in 2D-NOESY of Pu19_A2A11 in K^+^. Critical inter-residue NOE interactions of Pu19_A2A11 are schematically summarized in [Figure 5](#gkr612-F5){ref-type="fig"}, which clearly define the overall structure of the G-quadruplex structure formed by Pu19_A2A11. Solution structures of the Pu19_A2A11 G-quadruplex were calculated using a NOE-restrained distance geometry (DGSA) and molecular dynamics (RMD) approach ([Figure 6](#gkr612-F6){ref-type="fig"}, PDB ID 2lby), starting from an arbitrary extended single-stranded DNA. A total of 343 NOE distance restraints, of which 105 are from inter-residue NOE interactions, were incorporated into the NOE-restrained structure calculation ([Table 2](#gkr612-T2){ref-type="table"}). The structure statistics are also listed in [Table 2](#gkr612-T2){ref-type="table"}. The stereo view of the 10 lowest energy structures are shown in [Figure 6](#gkr612-F6){ref-type="fig"}A. Pu19_A2A11 forms a well-defined three G-tetrad parallel-stranded G-quadruplex structure with three double chain-reversal loops of A, TA and A. The three double chain-reversal loops are mostly exposed to solvent. The 5′-flanking sequence T1A2 adopts a well-defined conformation at the 5′-end, with A2 stacking very well with the 5′ tetrad ([Figure 6](#gkr612-F6){ref-type="fig"}B), as supported by NOE connectivities such as A2H8/G16H1 (strong-medium), A2H8/G3H1 (medium-weak), A2H2/G16H1 (medium-weak) and A2H2/G3H1 (medium-weak) ([Figure 4](#gkr612-F4){ref-type="fig"}B). The 3′-flanking sequence T19 appears to stack with the 3′ G-tetrad ([Figure 6](#gkr612-F6){ref-type="fig"}C), as supported by NOE connectivities such as T19Me/G14H1 and G18H8/T19Me (data not shown) and G18H8/T19H6 ([Figure 4](#gkr612-F4){ref-type="fig"}C). Regular right-handed backbone conformations were observed at both ends, as supported by sequential NOE connectivities at T1A2, A2G3 and G18T19 steps, such as G~n~-H8/H6 and G~n-1~-H1′/H2′/H2″/H3′. Figure 5.Schematic diagram showing NOE connectivities observed for Pu19_A2A11 G-quadruplex in the presence of K^+^. Distance restraints are used for the structure calculations. Figure 6.(**A**) Stereo view of the ensemble of the superimposed 10 lowest energy structures of Pu19_A2A11 obtained by NMR refinements. (**B**) The stacking conformation of the T1 and A2 at the 5′-end. (**C**) The capping structure of the T19 at the 3′-end stabilizing the G-tetrad core. The flanking thymines are shown in green, while adenine is in magenta. Table 2.Structural statistics for the Pu19_A2A11 G-quadruplex[^a^](#gkr612-TF2){ref-type="table-fn"}NMR distance and dihedral constraintsDistance restraints    Total NOE352    Intra-residue240    Inter-residue112    Sequential (\|i − j\| = 1)78    Non-sequential (\|i − j\| \> 1)34    Hydrogen bonds50    Total dihedral angle restraints28Structure statistics    NOE Violations (\>0.2 Å)1.7 ± 0.9Deviations from idealized geometry    Bond length (Å)0.072 ± 0.001    Bond angle (°)1.38 ± 0.01    Impropers (°)0.98 ± 0.002Average pairwise RMSD of heavy atoms (Å)    G-tetrads1.09 ± 0.10    With T1, A21.15 ± 0.10    With A6, A151.16 ± 0.13    With T10, A111.18 ± 0.10    With T191.15 ± 0.09    All residues1.32 ± 0.11[^2]

Both Pu19_A2A11 (Myc1234) and Pu22_T14T23 (Myc2345) ([Figure 1](#gkr612-F1){ref-type="fig"}A) form parallel-stranded G-quadruplexes with a 1:2:1 loop arrangement. While different capping conformations were formed by different flanking sequences, the overall G-tetrad core structures of the two parallel G-quadruplexes are quite similar. However, a noticeable difference was found in the conformation of the 1-nt double chain-reversal loops of the two parallel G-quadruplexes. The structure formed by Pu19_A2A11 of Myc1234 contains two 1-nt double chain-reversal loops of adenine (A6 and A15), whereas the structure formed by Pu22_T14T23 of Myc2345 contains two 1-nt double chain-reversal loops of thymine (T10 and T19). Both the single nucleotide A loops of Myc1234 adopted a conformation in which the adenine base points away from the G-quadruplex groove almost perpendicularly (wing-up) ([Figure 7](#gkr612-F7){ref-type="fig"}A and B); whereas the two single nucleotide T loops of Myc2345 both adopted a conformation with the thymine base lying along the groove (wing-down) ([Figure 7](#gkr612-F7){ref-type="fig"}C and D) ([@gkr612-B34]). The 1-nt adenine loop is more solvent exposed and thus less energetically favored. This difference in the single nucleotide loop conformation may explain the difference in thermodynamic stability of the two parallel-stranded 1:2:1 c-MYC G-quadruplexes, Pu19_A2A11 (Myc1234, *T*~m~ 63.4°C in 20 mM K^+^) and Pu22_T14T23 (Myc2345, *T*~m~ 75.5°C in 20 mM K^+^). Figure 7.Comparison of the 1:2:1 parallel G-quadruplexes formed by Pu19_A2A11 of Myc1234 and by Pu22_T14T23 of Myc2345. NMR-derived overlaid 10 lowest energy structure bundles of Pu19_A2A11 of Myc1234 in side view (**A**) and top view (**B**), and of Pu22_T14T23 of Myc2345 in side view (**C**) and top view (**D**). The 1-nt adenine loops adopt a 'wing-up' conformation as shown in (A) and (B), whereas the 1-nt thymine loops adopt a 'wing-down' conformation as shown in (C) and (D).

Systematic mutational analysis in combination with CD melting studies of c-MYC G-quadruplexes with different loop sequences
---------------------------------------------------------------------------------------------------------------------------

While it is suggested that the more solvent-protruding single nucleotide adenine loop versus the single nucleotide thymine loop may be responsible for the reduced thermostability of Myc1234, we wanted to rule out the contribution of different flanking sequences. Therefore, we systematically designed a series of mutated c-MYC sequences with the same flanking sequences ([Table 3](#gkr612-T3){ref-type="table"}) for thermodynamic analysis. CD melting experiments at 265 nm were used to determine the melting temperature (*T*~m~) in pH 7 lithium phosphate buffer with 20 mM K^+^ ([@gkr612-B40]). All DNA oligonucleotides appeared to be completely folded at 25°C in 20 mM K^+^, as indicated by their ^1^H NMR and CD profiles, which were the same as those in 100 mM K^+^. Table 3.Melting temperatures of various modified NHE III~1~ sequencesDNA/folding by loop-lengthsSequence (loop residues underlined)*T*~m~ (°C)Pu19_A2A11/121TAGGG[A]{.ul}GGG[TA]{.ul}GGG[A]{.ul}GGGT63.4Pu19a/121TAGGG[A]{.ul}GGG[TA]{.ul}GGG[T]{.ul}GGGT70.5Pu19b/112TAGGG[A]{.ul}GGG[A]{.ul}GGG[TA]{.ul}GGGT62.9Pu19c/112TAGGG[A]{.ul}GGG[T]{.ul}GGG[TA]{.ul}GGGT70.0Pu19_A2A14/112TAGGG[A]{.ul}GGG[T]{.ul}GGG[AA]{.ul}GGGT65.3Pu18_T2A11/121TGGG[A]{.ul}GGG[TA]{.ul}GGG[A]{.ul}GGGT60.3Pu18_T14T23/121TGGG[T]{.ul}GGG[TA]{.ul}GGG[T]{.ul}GGGT73.7Pu18a/211TGGG[TA]{.ul}GGG[T]{.ul}GGG[T]{.ul}GGGT73.4Pu18b/211TGGG[TA]{.ul}GGG[A]{.ul}GGG[T]{.ul}GGGT66.5Pu18c/211TGGG[TT]{.ul}GGG[A]{.ul}GGG[T]{.ul}GGGT70.2Pu18d/211TGGG[TT]{.ul}GGG[T]{.ul}GGG[T]{.ul}GGGT77.8Pu18e/121TGGG[T]{.ul}GGG[AA]{.ul}GGG[T]{.ul}GGGT69.5Pu19d/122TGGG[A]{.ul}GGG[TT]{.ul}GGG[TT]{.ul}GGGT63.1Pu19e/212TGGG[TT]{.ul}GGG[T]{.ul}GGG[TT]{.ul}GGGT69.9Pu19f/122TGGG[T]{.ul}GGG[TA]{.ul}GGG[TT]{.ul}GGGT65.4Pu19h/212TGGG[TT]{.ul}GGG[A]{.ul}GGG[TA]{.ul}GGGT58.4

We first examined modified Pu19_A2 sequences with various loop sequences ([Table 3](#gkr612-T3){ref-type="table"}, top panel). Pu19_A2A11 forms a 1:2:1 parallel G-quadruplex with three loops of A, TA and A, and shows a *T*~m~ of 63.4°C. Pu19a forms the same 1:2:1 structure with a single-A loop replaced by a single-T loop, and shows a *T*~m~ of 70.5°C, indicating the Δ*T*~m~ between the single-T and single-A loop is ∼7°C in 20 mM K^+^. The loop positions do not appear to affect the thermostability, as Pu19b, which has the same loop sequences as Pu19_A2A11 but a different loop arrangement (1:1:2), shows a very similar *T*~m~ (62.9°C) to Pu19_A2A11; and Pu19c, which has the same loop sequences as Pu19a but different loop arrangement, also shows a very similar *T*~m~ (70.0°C) to Pu19a. Pu19_A2A14 forms the same 1:1:2 structure as Pu19c with the TA loop replaced by an AA loop, and shows a *T*~m~ of 65.3°C, indicating the Δ*T*~m~ between the TA and AA loops is ∼4.6°C in 20 mM K^+^.

We extended our analysis to compare with the G-quadruplex formed by Pu22 of Myc2345 ([Figure 1](#gkr612-F1){ref-type="fig"}A). To standardize the analysis, here we used a single flanking T at both the 5′- and 3′-ends for all the sequences ([Table 3](#gkr612-T3){ref-type="table"}, middle and bottom panels). The Δ*T*~m~ between the 1:2:1 Myc1234 quadruplex formed by Pu18_T2A11 (*T*~m~ 60.3°C) and the 1:2:1 Myc2345 quadruplex formed by Pu18_T14T23 (*T*~m~ 73.7°C) is ∼13.4°C in 20 mM K^+^, which is quite significant. The Δ*T*~m~ of 13.4°C appears to be the summation of two single-T--single-A loop substitutions, which have been shown to each account for ∼7°C Δ*T*~m~. Again, the loop positions do not appear to affect the thermostability, as Pu18a ([Table 3](#gkr612-T3){ref-type="table"}), which has the same loop sequences as Pu18_T14T23 but a different loop arrangement (2:1:1), shows a very similar *T*~m~ (73.4°C). The Δ*T*~m~ of ∼7°C for a single-T--single-A loop substitution was also confirmed by the difference of *T*~m~s between Pu18a and Pu18b, and between Pu18c and Pu18d ([Table 3](#gkr612-T3){ref-type="table"}). We further examined parallel G-quadruplexes with a single 1-nt and two 2-nt loops, and also found that the Δ*T*~m~ is ∼7°C for a single-T--single-A loop substitution (between Pu19d and Pu19e, and between Pu19f and Pu19h) ([Table 3](#gkr612-T3){ref-type="table"}). Δ*T*~m~ appears to be 3.5--4.5°C for a TT--TA loop substitution (between Pu18b and Pu18c, Pu19e and Pu19f, and Pu19d and Pu19h) and 8°C for a TT--AA loop substitution (between Pu18d and Pu18e), which may be considered to be the summation of TT--TA and TA--AA loop substitutions.

DISCUSSION
==========

While the major G-quadruplexes formed in Myc1234, the region containing the four consecutive 5′ runs of guanines of c-MYC NHE III~1~, and Myc2345, the region containing the four consecutive 3′ runs of guanines of c-MYC NHE III~1~, are both parallel-stranded G-quadruplexes with a total loop length of 4 (two 1-nt loops and one 2-nt loop), their thermostability is markedly different. The major G-quadruplex formed in Myc2345 (1:2:1) has a *T*~m~ ∼14°C higher than that of the 1:2:1 quadruplex, one of the major loop isomers, formed in Myc1234. Our NMR-derived molecular structure of the 1:2:1 loop isomer formed in Myc1234 suggested that the different base conformations in the single nucleotide double chain-reversal loops are likely to be responsible for the different thermostability of the two 1:2:1 c-MYC G-quadruplexes. In particular, the adenine base in the single-A loop adopts a so-called 'wing-up' conformation in which the base moiety is extruding away from the groove, whereas the thymine base in the single-T loop adopts a 'wing-down' conformation in which the base moiety is lying along the groove ([@gkr612-B34]) ([Figure 7](#gkr612-F7){ref-type="fig"}). The wing-up conformation of the single-A loop appears to be energetically less favored as it is more solvent exposed with less groove interactions, and appears to account for ∼7°C decrease in *T*~m~ in 20 mM K^+^ when compared with the wing-down conformation of the single-T loop.

Our systematic thermodynamic analysis of modified c-MYC NHE III~1~ sequences provided quantitative measure of the contribution of various loop sequences for parallel G-quadruplexes in general, which have been shown to favor short loop lengths ([@gkr612-B36]). Specifically, our results showed that, in 20 mM K^+^, Δ*T*~m~ is about −7°C for a T--A substitution for a 1-nt loop, −3.5 to −4.5°C for a TT--TA substitution of the 2-nt loop, and about −8°C for a TT--AA substitution of the 2-nt loop ([Table 3](#gkr612-T3){ref-type="table"}). If we consider the TT--AA loop substitution (8°C) to be the summation of two T--A substitutions of the 2-nt loop, i.e. TT to TA and TA--AA loop substitutions, the single T--A substitution in a 2-nt loop appears to account for about −4°C in Δ*T*~m~ in 20 mM K^+^. Two major loop isomers appear to formed in Myc1234, with the 1:1:2 loop isomer accounting for ∼55% and the 1:2:1 loop isomer accounting ∼45% of the total population ([Figure 1](#gkr612-F1){ref-type="fig"}B). This is in accord with the slightly lower *T*~m~ (63.4°C) of the 1:2:1 loop isomer isolated by the Pu19_A2A11 sequence than that of the 1:1:2 loop isomers formed by the Pu19_A2A14 sequence (*T*~m~ of 65.3°C) ([Figure 1](#gkr612-F1){ref-type="fig"}A). The 1:2:1 loop isomer formed by Pu19_A2A11 has two 1-nt A loops and a TA loop, while the 1:1:2 loop isomer formed by Pu19_A2A14 has a 1-nt A loop, 1-nt T loop and a AA loop. Based on our thermodynamic analysis, Δ*T*~m~ between Pu19_A2A11 and Pu19_A2A14 is estimated to be 3°C in 20 mM K^+^, i.e. \[7°C (A--T substitution of 1-nt loop) − 4°C (T--A substitution of 2-nt loop)\], consistent with the experimentally measured Δ*T*~m~ of the two sequences.

Interestingly, it appears that the different thermostability of the Myc2345 and Myc1234 G-quadruplexes is intrinsic to their sequences, as the four consecutive 3′ G-runs of the c-MYC NHE III~1~ (Myc2345) are separated by T, A, T, respectively, whereas the four consecutive 5′ G-runs of c-MYC NHE III~1~ (Myc1234) are separated by A, T, A, respectively. The two single-A loops in Myc1234 are likely to be responsible for the lower thermostability as compared with Myc2345 which contains two single-T loops. The observation of the formation of the Myc1234 G-quadruplex, which has lower stability, in the supercoiled plasmid footprinting ([@gkr612-B35]) thus points to the potential role of supercoiling in the G-quadruplex formation in the promoter sequences. However, it needs to be noted that the level of superhelicity as well as the lifetimes of different structures would all be important factors for the dynamic equilibrium of multiple G-quadruplexes formed in a promoter element and should be taken into consideration for the development of drugs targeting promoter G-quadruplexes for gene regulation.
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[^1]: ^a^The chemical shifts are measured in 95 mM K-phosphate, pH 7.0 at 25°C and referenced to DSS.

[^2]: ^a^The ensemble of 10 structures is selected based both on the minimal energy terms and number of NOE violations.
